We consider a model in which Sgr A*, the 3.5 × 10 6 M ⊙ supermassive black hole candidate at the Galactic Center, is a compact object with a surface. Given the very low quiescent luminosity of Sgr A* in the near infrared, the existence of a hard surface, even in the limit in which the radius approaches the horizon, places severe constraints upon the steady mass accretion rate in the source, requiringṀ 10 −12 M ⊙ yr −1 . This limit is well below the minimum accretion rate needed to power the observed submillimeter luminosity of Sgr A*. We thus argue that Sgr A* does not have a surface, i.e., it must have an event horizon. The argument could be made more restrictive by an order of magnitude with µas resolution imaging, e.g., with submillimeter VLBI.
Introduction
Infrared observations of individual stars in the Galactic Center imply the existence of a dark object of mass M ≈ 3.5 × 10 6 M ⊙ , constrained to lie within < 45 AU (or 10 3 GM/c 2 ) of the radio source Sgr A* (Schödel et al. 2003; Ghez et al. 2005a) . Observations at 3.5 mm and 7 mm further constrain the extent of the radio emission from Sgr A* to < 1−2 AU (10−20GM/c 2 ) (Shen et al. 2005; Bower et al. 2004) . The favored interpretation of these observations is that Sgr A* is a supermassive black hole. Indeed, the current constraints rule out many alternative explanations, including clusters of stellar mass compact objects (Maoz 1998) , fermion balls (Schödel et al. 2002) , and boson stars (Torres et al. 2000) . Nonetheless, it remains to be conclusively demonstrated that the dark mass at the Galactic Center is a true black hole with an event horizon.
If Sgr A* is not a black hole, then it must have a surface at some radius R. Although general relativistic considerations require R ≥ 9GM/4c 2 1 abroderick@cfa.harvard.edu 2 rnarayan@cfa.harvard.edu (see, e.g., Shapiro & Teukolsky 1986) , alternatives to general relativity exist which allow smaller radii, despite the fact that the exterior spacetime may be arbitrarily close to that predicted by general relativity (e.g., scalar-tensor theories, Fujii & Maeda 2003 , gravastars, Mazur & Mottola 2001 . Thus, in principle, R could have any value > 2GM/c 2 , the horizon radius (we restrict our analysis to non-spinning objects). In this Letter, we show that current observations do not favor Sgr A* having such a surface.
We assume that any putative surface of Sgr A* is in steady state in the presence of accreting gas, and that it emits the accreted energy thermally. The latter assumption is reasonable since, even for models in which the radius of the surface approaches 2GM/c 2 , the thermalization timescale is short in comparison to the lifetime of Sgr A* (or indeed of an observer)
1 .
If Sgr A* accretes at the Bondi rate from the hot gas surrounding it, the accretion rate is expected to beṀ ∼ 10 −5 M ⊙ yr −1 (Baganoff et al. 2003) . A more likely scenario is that the source accretes via a radiatively inefficient accretion flow (RIAF; Narayan et al. 1995; Yuan et al. 2003 , and references therein), with a mass accretion rate in the rangeṀ ∼ 10 −8.5 − 10 −6 M ⊙ yr −1 . In these models, essentially all the potential energy released by the accreting gas would be radiated from the surface of Sgr A* (assuming it has a surface), with a predicted luminosity at infinity of
where the efficiency factor η is given in terms of the gravitational redshift z at the surface by
Although it is highly unlikely that Sgr A* has a radiatively efficient accretion disk, even such a model requires a fairly largeṀ . For example, the observed bolometric luminosity of Sgr A* of 10 36 erg s −1 implies a minimum accretion rate oḟ M ∼ 2 × 10 −10 M ⊙ yr −1 for a radiative efficiency of 10%. To within a factor of a few (depending on the nature of the boundary layer at the inner edge of the disk), the luminosity from the surface of Sgr A* is again predicted to be ∼ ηṀ c 2 with η not very different from (2). Note that all theṀ estimates given here are from the point of view of a distant observer, i.e., they represent the rate of accretion of rest mass by Sgr A* per unit time at infinity.
In § 2, we compare the various mass accretion rates discussed above with upper limits onṀ derived from the observed near-infrared (NIR) fluxes of Sgr A*. On this basis we argue that Sgr A* is unlikely to have a surface and therefore that it must possess a horizon. In § 3, we present theoretical images of the RIAF model discussed in Yuan et al. (2003) and Broderick & Loeb (2005a) , and show that imaging experiments alone cannot distinguish between a black hole and a compact object with a surface. However, by combining imaging with the argument presented in § 2, we show that one could make the case for an event horizon stronger. We conclude in § 4 with a discussion. In what follows, unless otherwise noted, we use geometrized units (G = c = 1).
NIR Limits on Mass Accretion Rate
A thermally emitting compact spherical surface at the Galactic Center would produce an observable flux F ν at frequency ν at Earth given by
where T is the surface temperature as measured at infinity, D ≃ 8 kpc is the distance to the Galactic Center, and the apparent size b of the radiating surface is given in terms of its radius R by
The relations written in (4) include the general relativistic correction due to strong lensing. Note that, for R inside the photon orbit 3M , the apparent size b no longer decreases with decreasing R.
For a given choice of radius R and a given upper limit on the flux F ν , equations (3) and (4) provide an upper limit T max on the observed temperature and hence a limit on the surface luminosity as measured at infinity: L surf < 4πb 2 σT 4 max . Then, from equations (1) and (2) we obtain the following upper limit on the mass accretion rate,
Thus, for each flux measurement F ν of Sgr A* and a given radius R , we obtain an estimate oḟ M max (R), the maximum accretion rate for that R. This rate can be compared with the massaccretion rates required to explain the observed luminosity and spectra of Sgr A* ( § 1). In practice, the strongest limits are placed by observations in the NIR, since the postulated thermal emission from the surface of Sgr A* peaks in this region of the spectrum. The most constraining observations are listed in Table 1 , and the corresponding limits onṀ (R) are plotted in Figure  1 . We see that the thermal emission from the surface peaks in the NIR for R ∼ 10M , whereas for larger radii the surface is sufficiently cool that the observed fluxes fall in the Wien regime, resulting in a weakening of the limit on T max and hence oṅ M . The difference in character between the limit imposed by observations at 4.8 µm and the other wavelengths is due to the fact that the former case Table 1 . For reference, the photon orbit R = 3M is shown by the dashed vertical line. The cross-hatched area corresponds to typical massaccretion rates in RIAF models of Sgr A*, and the horizontal dashed line represents the minimum accretion rate needed to power the bolometric luminosity of Sgr A*(see § 1).
passes into the Rayleigh-Jeans regime at a larger radius. The overall limit onṀ is simply given by the lower envelope of all four curves in Figure 1 , dominated by the 3.8 µm curve. Recent observations at 3.5 mm and 7 mm have claimed to resolve Sgr A* at these wavelengths, implying R 10 − 20 M (Shen et al. 2005; Bower et al. 2004) . As seen in Figure 1 , this limit on the radius, coupled with the NIR flux limits, already restricts the allowed accretion rate in Sgr A* tȯ M 10 −12 M ⊙ /yr, if the object has a surface. Since the derived limit is two orders of magnitude lower than the lowestṀ allowed by the observed luminosity of Sgr A*(∼ 2 × 10 −10 M ⊙ yr −1 ), and more than three orders of magnitude lower than the lowest accretion rates required by RIAF models (see § 1), the case for Sgr A* not having a surface, i.e., for it being a black hole, is very strong. As is apparent from Figure 1 , observations which can further limit R will place even stronger constraints uponṀ , and further strengthen the case for a black hole.
Images
Submillimeter very-long baseline interferometry (VLBI) promises to provide an angular resolution on the order of ∼ 20 µas, corresponding to a physical scale of ∼ 5M at the Galactic Center. A significant motivation for developing such a capability is the prospect of imaging the silhouette or "shadow" of the central black hole (Falcke et al. 2000; Miyoshi et al. 2004; Doeleman & Bower 2004; Broderick & Loeb 2005a,b,c) . The shadow is due to strong lensing, and its detection would be a strong confirmation of one of the major predictions of general relativity in the limit of strong gravity. Such imaging will also constrain the radius of Sgr A*'s surface and thus strengthen the argument presented in § 2. Figure 2 shows theoretical submillimeter VLBI images of a RIAF model of Sgr A* for a number of assumed radii ranging from 1% larger than the horizon to 6M . In all cases the mass accretion rate is taken to be 10 −8 M ⊙ /yr, the canonical value for RIAF models and orders of magnitude above the limits placed in the preceding section. Surface radii in excess of the photon orbit (3M ) appear as enlarged silhouettes, as may be seen in the bottom panels. Thus, high resolution imaging can immediately limit the size of any radiating surface in Sgr A* to less than 3M . Combined with the NIR flux limits, this would strengthen the limit upon the mass-accretion rate by nearly another order of magnitude, making a conclusive case for an event horizon.
Interestingly, we see that for radii inside of the photon orbit, the images are nearly indistinguishable from the case in which a horizon is present. This is a direct result of the relatively low temperature of the radiating surface (∼ 10 4 K). Thus, while submillimeter imaging can limit the radius of Sgr A*, it cannot by itself prove that the object is a black hole. It is only when the imaging results are combined with the NIR flux measurements in the manner discussed in § 2 that a strong case can be made for the existence of a horizon.
Discussion
We have shown in this Letter that current NIR flux limits on Sgr A* already place a stringent upper limit upon the mass-accretion rate of this compact object, assuming that the object possesses a surface. Comparison of these rates to the observed submillimeter luminosity of the source, and the implied lower limit on the mass accretion rate, leads to a serious contradiction, thus providing strong evidence for the absence of a surface. This argument for Sgr A* being a black hole is robust (see Narayan et al. 1997 Narayan & Heyl 2002 , and references therein, for other evidence). The argument applies even when the surface is extremely compact, e.g., as expected in gravastar models (see, e.g., Mazur & Mottola 2001) . Note from equations (1) and (2) that the extremely large gravitational redshift at the surface of an ultra-compact object (R → 2M ) does not cause a reduction in the luminosity observed at infinity. On the contrary, for a givenṀ , the observed luminosity is maximum when the redshift goes to infinity (this is in contrast to Abramowicz et al. 2002 , in which the intrinsic luminosity, as opposed to the mass accretion rate, was assumed to be fixed).
Three critical assumptions underly our conclusions: (i) the surface is in steady state with respect to the accreting material, (ii) the surface radiates thermally, and (iii) general relativity is an appropriate description of gravity external to the surface.
As mentioned briefly in § 1, the assumption of steady state is likely to be a good one, even for surfaces very near the horizon (including those which are separated from the horizon by a Planck length, the minimum scale for which a horizon will not develop). However, it should be noted that for a black hole the unradiated binding energy of the accreting matter contributes to an increase of the black hole's mass. Thus a black hole is an explicit example of an accreting compact object which is not in steady state.
Of more concern is the assumption that the surface emits thermally. For models in which largescale correlations play a significant role (e.g., the gravastar) it is unclear what happens to accreting material. For instance, it is conceivable that one may obtain coherent emission with wavelengths comparable to the correlation length of the surface, which in principle could introduce large deviations from the Planck spectrum. Nevertheless, in general, for the gravastar (or similar) model to remain a viable alternative to the black hole model of Sgr A* necessarily requires an exotic emission mechanism.
Finally, some assumption regarding the description of gravity external to the surface is necessary to compute the flux due to a compact surface near a strongly gravitating object. In the absence of a well tested alternative, general relativity is the natural choice and this is what we have selected for our calculations. Multi-wavelength high-resolution imaging of flares in the Galactic Center has been proposed as a method by which the nature of the spacetime surrounding a compact object may be tested (Broderick & Loeb 2005b,c) .
To summarize, in the absence of unknown exotic phenomena, the current NIR flux measurements already conclusively imply the existence of an event horizon in the black hole candidate Sgr A* at the Galactic Center.
